The main objective of the paper is to identify the appropriate temporal scale for modeling the behavior of rainwater harvesting tanks in relation to the purpose they are built for, i.e., water saving, stormwater retention potential, etc. A tank water balance model coupled with a specific procedure to determine long-term series of rainfall (tank inflow) and toilet flushes (tank outflow) at different daily and sub-daily resolution timescales was developed. The model was applied to a household case study for which detailed water demand data are available from measurements. Simulations show that the daily scale may be reliably chosen to evaluate the tank water saving efficiency. In contrast, sub-daily resolutions (at least the hourly time step) are needed for the evaluation of the tank retention efficiency to limit inaccuracies, especially for small tanks and for high values of the water demand. Moreover, preliminary results at the 5 min time step show that rainwater tanks can help in reducing the rainfall intensity peak, basically depending on the tank storage and on the rainfall event characteristics.
INTRODUCTION
Today, the old practice to harvest rainwater for domestic use is reviving in many countries due to its potential to address a number of environmental and social issues. Rainwater harvesting (RWH) defines the small-scale concentration, collection, storage and local use of rainwater coming from rooftops, courtyards and other impervious building surfaces.
In cities experiencing water scarcity, tank-based RWH is considered as a complementary water supply method that can help in saving potable water from the mains (Cook et al. ) . The volume of potable supply substitution is the primary reason that motivates municipalities to support RWH installation also with the function of back-up supply source (Mitchell et al. ) .
Rainwater normally shows low hardness, a quasi-neutral pH, and is often free of sodium (Farreny et Different from urban contexts, in rural areas rainwater tanks may be the only way to supply water to detached households, as such areas may not be served by water supply network infrastructures (Sturm et al. ) . Besides, in specific geographical contexts these waters have been identified as a major source also for drinking, cooking and sanitary purposes (Dunker ) since they did not present increased risk of gastrointestinal illness when compared with water from public mains (Heyworth ; Abdulla & Al-Shareef ) . Under these conditions, RWH systems have to be designed to have high water quantity and quality reliability in order to meet the desired household demand.
Rainwater tanks are also recognized as one of the best management practices to mitigate environmental impacts of urbanization on storm water drainage systems and receiving water bodies (Petrucci et 
).
These studies indicate that the RWH system water saving performance is markedly influenced by site-specific variables, i.e., the local rainfall pattern, the roof type and surface area, the tank size, the demand for rainwater, the number of people in the household, etc.
Besides, further investigations based on data acquired during monitoring of implemented systems allowed the assessment of storm water retention benefits of RWH. In particular, the results concerning the impact of a number of small rainwater tanks in a suburban catchment of Paris, France, show that RWH alone is not able to prevent overflows from the storm water drainage system (Petrucci et al. ) . However, studies on the performance of 12 rainwater tanks in Australia have shown that, under regular and sufficiently large demands, RWH may achieve storm water retention performance approaching that of the same area under the pre-development condition (Burns et al. ) .
Multiple benefits of RWH tanks have also been explored using behavioral models based on the long-term water balance simulation of the tank, with rainfall and household water demand being the typical tank inflow and outflow, respectively (Ghisi & Leusbrock et al. ) . Such studies reveal that simulation results may be affected by the model structure and parameters. In particular, the resolution timescale that is chosen for the analysis (and then the time step selected for computations) may influence the estimation of the tank design/reliability in a significant way (Mitchell et al. ) .
In this context, early results by Fewkes & Butler () indicate that simulations with monthly time steps may provide inaccurate evaluation of the water saving performance of RWH systems and suggest using the daily time step resolution for water balance calculations. However, the daily resolution may be still insufficient if the aim of the analysis is to evaluate the tank potential to reduce runoff. For this purpose, a more accurate estimation would probably require increased time resolutions under a wide spectrum of conditions. High time resolutions become mandatory if the tank effect on storm water peak reduction is analyzed (Campisano & Modica ) .
The choice of the time resolution for modeling the tank operation strictly depends on the availability of rainfall and water demand data and has obvious repercussions on both the accuracy of the results and on the required computational efforts to treat extended data sets. Then, a specific analysis is needed to define the appropriate modeling time resolution, depending on the purpose driving the implementation of the RWH system and on the expected accuracy of the results.
In this paper, an extension of methods and results shown in Campisano & Modica () is presented together with an example of the application of the procedure for the evaluation of the potential of RWH techniques.
The overall objective of the present paper is to provide a contribution to the modeling of tank-based RWH systems at different resolution timescales. The following specific objectives are focused on:
• exploring the tank potential for both water saving and retention purposes;
• identifying appropriate time resolutions for modeling the tank behavior in relation to the desired purpose (water saving benefit and retention potential);
• providing a preliminary evaluation of the tank potential to reduce the rainfall intensity peak.
To achieve these objectives, the analysis was carried out with reference to a pilot test household localized in a village in southern Italy. Available data for this household concern toilet use frequency during a 2-week-long campaign aimed at monitoring the household water consumption (Campisano & Modica ) .
A specific procedure to derive yearly series of household water demands at different resolution timescales from observed patterns was developed. Derived water demand series were used together with high temporal resolution rainfall series to run the water balance simulation of the tank at different daily and sub-daily time steps and to explore the tank potential for RWH.
METHODOLOGY
The analysis was carried out using a simulation framework which consists of three major components/modules basically focusing on: (i) the evaluation of the rainwater inflow to the tank; (ii) the estimation of the toilet flushing demand pattern; and (iii) the simulation of the tank water balance. Each model component is part of a proprietary software tool which was specifically developed at the University of Catania for the study of RWH systems and is described in detail as follows.
Inflow to the tank
The rainwater tank is considered to be filled exclusively by rainfall volume precipitated on the building rooftop, in this way excluding any link with mains and/or connections conveying water from other sources present in the house.
Assuming the rainfall to be constant within each computational time step t, the volume of rainwater adducted to the tank is calculated as Equation (1) requires the availability of precipitation data to evaluate the long-term series of Q t volumes entering the tank at each time step of the water balance simulation.
Then, high-resolution records of precipitation events over a determined period have to be provided as input to the rainwater inflow module.
Disaggregated data are normally provided by regional/ national water agencies from rain gauges belonging to telemetry networks and typically consist of the series of bucket tipping event signals and the corresponding times of occurrence.
In the module, to assure high reliability of the rainfall series, disaggregated data are first filtered to eliminate outliers (due to acquisition errors). Then, filtered records are aggregated at desired temporal intervals to obtain yearly precipitation series at different scales of time resolution.
Basically, daily, hourly and sub-hourly aggregation timescales can be selected and they allow to take into account the intra-annual pattern of precipitation in the analysis of rainwater tank performance.
Household demand pattern
A module based on a two-phase procedure is developed to determine the household toilet demand pattern at different time resolutions.
The first phase is aimed at determining toilet daily demands over the year, i.e., the number of daily toilet flushes occurring in the house during each of the 365 days of the year. To achieve such an aim, the procedure needs data on the users' habits concerning both the daily frequency of toilet use and the number of users present at home during the day. These data may be obtained through continuous monitoring of the household. Otherwise, data from literature cases related to households with similar characteristics can be assumed. In any case, the monitoring period should be long enough to identify at least the weekly pattern of toilet flushing use and of the user presence at home. The procedure can be schematized according to the following steps:
(1) Obtaining daily data from the monitoring period by summing flushes occurring between hour 00:00 and hour 24:00 of each day. (6) The previous
Step 5 is repeated for all the days of the year to obtain the series of toilet flushes to be used later as input for the tank water balance simulation at the various temporal resolutions.
Water balance simulation of the tank
A scheme that is typically used for the setup of domestic RWH systems for single houses or free standing buildings was considered in the present study.
The scheme provides the collection of rainwater precipitated onto the building roof. The rainwater is temporarily stored within the rainwater tank that is equipped with a dedicated piping system (disconnected by the mains) allowing a supply of rainwater to the toilet cistern(s). The toilet is assumed to use primarily the water accumulated in the rainwater tank, i.e., the water from the mains is sourced to the toilet only in the case that the tank is empty. 
The water saving efficiency is a measure of the volumetric reliability of the tank and is defined as the ratio between the volume of rainwater supplied to the house (yield) and the total demand during the entire simulation period (the whole year in the present study), according to the following equation:
where sums are extended to all the time steps of the year.
Water saving efficiency assumes value 0% if there is no yield from the rainwater tank (for example, if only water supplied from the mains is used) and it assumes value 100% if only the stored rainwater is used by the devices connected to the tank.
The volumetric retention efficiency is a measure of the capability of the tank to retain rainwater volumes, then reducing storm water runoff downstream (over the catchment surface or flowing into the storm water sewer system). The following equation is used to determine the tank volumetric retention efficiency:
where the second of the two terms in square brackets provides the ratio between the sum (over the year) of the tank overflow volumes and the sum of rainwater volumes flowing into the tank. Equation (6) clearly shows that E R tends to 0% when the sum of discharged volumes Q Dt tends to the sum of AR t that may occur in those cases characterized by small tanks and/or reduced rainwater demands. Oppositely, if the tank is large and/or the household demand for rainwater is high, the tank may provide significant retention performances with E R approaching value 100%.
In addition to E WS and E R , a novel performance indicator was introduced here, namely the peak retention efficiency E PR [%], defined as
where Q Dpeak [m 3 ] and R peak [m] are the volume discharged as overflow from the storage tank and the rainfall at peak time intervals, respectively. E PR is a measure of how much the storage tank is able to reduce/retain the peak of rainfall intensity of the precipitation event. Different from indicators 
with D d and R d being the average (in the year) daily values of toilet water demand and rainfall, respectively.
The use of the dimensionless parameters described by
Equations (8) and (9) 
CASE STUDY
The case study of a single household was considered in the paper to test the described methodology. 
MODEL SETUP AND SIMULATION FRAMEWORK
The developed model was applied to the pilot case study in order to test the developed methodology and to explore the tank potential for water saving and stormwater retention at different resolution timescales.
After preliminary analysis, four temporal resolutions were considered for simulations: the daily scale (data 
Inflow volumes to the tank
Raw data concerning recorded precipitation events during the year 2006 were preliminary filtered to eliminate outliers.
Rainfall depths were then aggregated in order to obtain four annual rainfall series characterized by resolution timescales of 5 min, 15 min, 1 hour, and 24 hour (daily). In the end, resulting series consisted of 105,120, 35,040, 8,760 and 365 data, respectively. Equation (1) was finally used to determine the four respective series of inflow volumes Q t for the water balance simulation of the tank at the selected scales of resolution.
Household demand patterns
The procedure described in the methodological chapter was applied to the data recorded during the experimental monitoring of the household case study. The normal PDF was used to fit the observed data. The PDF is plotted in Figure 3 Results at the daily scale are in agreement with those previously obtained by the same authors (Campisano & Modica ) in a regional scale analysis of rainwater tank performances applied to the same region of the case study site.
As the influence of the resolution timescale is considered, the graphs in Figure 5 show that the differences between the simulation results at the daily and sub-daily Analysis of the influence of the resolution timescale on results of the simulations reflects more evident differences among the curves than those obtained for water saving efficiency. The graphs in Figure 7 show that differences This analysis was extended to the entire year and the effect of peak reduction was observed to occur for a number of rainfall events, basically depending on the characteristics of each event (i.e., the position of the peak intensity within the event time length) and of the tank (size, pre-event filling condition). Then, assuming the events to be independent if they have a minimum antecedent dry weather period of 1 hour, a frequency analysis was conducted to evaluate the events that show a reduction of the rainfall intensity peak.
Results of such analysis are reported in Figure 9 Assuming the daily scale to be reliably used to evaluate the water saving efficiency, Figure 5 shows E WS ¼ 47%.
Similarly, assuming the hourly time resolution, Figure 7 shows that the tank may allow achievement of volumetric retention efficiency close to E R ¼ 49%. Also, considering time step of 5 min, Figure 9 indicates that the tank may abate the peak of the entering hydrograph to zero in 39% of cases with 50% peak reduction (E PR ¼ 0.5) in 50% of the rainfall events.
CONCLUSIONS
A contribution to analysis of the performances of tank-based rainwater harvesting systems was presented in this paper.
The appropriate temporal scale for modeling the behavior of the tank in relation to its purpose was explored.
A simulation framework allowed modeling of the inflow to the tank (rainfall), the outflow from the tank (toilet water demand), and the water balance simulation of the tank was developed with the possibility of use at different timescales of resolution.
Four temporal scales (daily, 1 hour, 15 min and 5 min time steps) were chosen to assess potential benefits of RWH tanks in terms of both water saving and volumetric retention efficiency. Also, the versatility of the tank to act as a reduction of the rainfall intensity peak was explored.
A pilot household case study for which detailed measurements of water demand data are available was selected to test the model. According to the developed procedures, long-term series of toilet flushes and rainfall were generated at different daily and sub-daily resolution timescales and used as input for the water balance simulation of the tank.
Simulations have basically shown that the daily scale may be reliably chosen to evaluate the tank water saving efficiency, as the result differences among the daily and subdaily scales are relatively modest (less than 5% for a large range of conditions).
Differently, (at least) the hourly time step resolution is required for a reliable evaluation of tank volumetric retention efficiency. Otherwise, the use of the daily scale may affect result accuracy in a significant way, especially for small tanks and for high values of water demand (differences in efficiency up to about 17%).
Moreover, preliminary results at the 5 min time step
showed that the rainwater tank may help reduce the rainfall intensity peak for a relatively high number of rainfall events (50% peak reduction for at least 50% of events), depending on the tank storage and on the rainfall event characteristics. Results of the investigation may be used by modelers to set up proper simulation of rainwater tanks as part of RWH systems. The used approach also paves the way to the possibility of comprehensively exploring the potential of such systems to reduce peak of rainfall intensity during precipitation events.
The used methodology was applied to a single household and assuming the harvested water to be used only for toilet flushing. Application to buildings of different types characterized by other indoor and outdoor water uses could be explored in the future, potentially leading to different results.
